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In this paper we demonstrate experimentally the implementation of a niobium-trilayer junction with an
aluminum-oxide tunnel barrier, embedded in a high-gap superconducting niobium-titanium-nitride circuit.
Previously reported heating by quasiparticle trapping is removed by inserting a normal metal layer of gold
between the niobium junction and the niobium-titanium-nitride layer. We analyze in dc-characterization
measurements the cooling of the nonequilibrium quasiparticles in various device geometries having different
gold layer thickness and shape. Our work is concluded with remarks for future heterodyne mixer experiments
using our device technology.
PACS numbers: 85.25.-j, 74.78.-w, 85.25.Pb
I. INTRODUCTION
Low-noise heterodyne receivers working around 1 THz
are highly desired instruments in submillimeter (submm)
radio astronomy. They furnish a unique spectral reso-
lution of the order of ν/δν ≈ 105 − 106 which allows
astronomers to resolve complicated emission spectra of
various astronomical sources. Detection of molecular or
atomic THz emission lines provides access to a rich in-
formation source containing the physical and chemical
conditions of hot molecular/atomic gas which plays a
role in star formation in the interstellar medium. Pre-
cise measurements of these conditions allow, therefore,
to complete the fundamental idea how stars form and
evolve.1 For this purpose it is necessary to have the most
sensitive detectors available which are the centerpiece of
every heterodyne receiver system.
High sensitivity heterodyne receivers for radio-
astronomy employ two different types of superconduct-
ing detectors. For the submm frequency range of 0.3-
1.3 THz, superconductor-insulator-superconductor (SIS)
frequency mixers are used. Here, one uses in practice
the high-quality niobium-trilayer technology in combina-
tion with an aluminum-oxide (AlOx) or aluminum-nitride
(AlN)2 tunnel barrier, resulting in junctions with the low-
est subgap currents. In SIS heterodyne mixers the high-
est detectable frequency is set by the superconducting
gap energy ∆ of the junction’s electrode material. For
a symmetric junction this frequency is νmax = 4∆/h,
where 2∆ is the superconducting pair breaking energy
of one electrode and h is the Planck constant. Hetero-
dyne mixing well above the pair breaking frequency of the
single electrodes is not intrinsically limited by the elec-
a)westig@ph1.uni-koeln.de
trode material itself, albeit that in the frequency range
2∆/h − 4∆/h excess quasiparticles are created, absorb-
ing a part of the incoming signal. For the higher fre-
quencies superconducting hot-electron bolometer mixers
(HEB) are used.3 In an HEB device there is in princi-
ple no limitation with respect to the detection frequency,
however, it has a lower intermediate frequency bandwidth
than a SIS mixer. SIS and HEB devices have provided
a remarkable success of ground-based,4–6 airborne7,8 and
space9 observatories and will be of significant importance
for future astronomical observations.
Since heterodyne detection is a coherent detection
technique where amplitude and phase of the incoming
signal are preserved during the frequency mixing process,
the Heisenberg uncertainty principle imposes a funda-
mental noise limit on the device sensitivity.10 This noise
limit corresponds to the photon shot noise at the input
of the mixer coming from a background of one photon
per second per Hertz of bandwidth. When expressed
as a noise temperature, this results in Tqn = hν/kB ,
i.e. 0.047 K/GHz, also referred to as the quantum noise
limit, where ν is the signal frequency and kB is the Boltz-
mann constant.
Quantum limited mixer performance11 is reliably
achieved up to frequencies of about 680 GHz, the su-
perconducting gap frequency of the niobium (Nb) em-
bedding circuit. For larger frequencies, substantial ohmic
losses are observed in the embedding circuit due to break-
ing Cooper pairs in the material in combination with the
usually large normal state resistance of superconductors.
Possible solutions to minimize these losses are embedding
circuits consisting of different materials than Nb.
Jackson et al.12,13 reported receiver noise temperatures
of approximately 200 K at 850 GHz and 400 K at 1 THz
for a Nb SIS mixer using a hybrid embedding circuit con-
sisting of a niobium-titanium-nitride (NbTiN) bottom
layer and an Al wiring layer. Bin et al.14 demonstrated
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2a Nb SIS mixer using a double normal-conducting em-
bedding structure made of Al, however, they obtained a
higher receiver noise temperature of approximately 840 K
at 1042 GHz due to the rf -signal loss in the Al. Recently,
Wang et al.15 fabricated high-quality, high-current den-
sity niobium nitride (NbN) SIS junctions with aluminum-
nitride tunnel barriers where the complete embedding cir-
cuit also consists of the high-gap superconductor NbN.
In this previous reported work it was shown to be im-
portant to avoid heating effects of the electron gas in the
device. In this article we propose a different solution for
this particular problem and show its effectiveness. Device
heating by quasiparticle trapping is removed by inserting
a normal metal layer of gold (Au) between the Nb junc-
tion and the NbTiN embedding circuit where nonequilib-
rium quasiparticles relax their energy.
In the following section we present the conceptional
background of our device design and a detailed explana-
tion of the expected quasiparticle processes in our device.
Section III describes the fabrication and the measure-
ment setup. In Section IV we show results of extensive
dc-characterization measurements of various device ge-
ometries and present our analysis. Section V discusses
possible adverse effects of the Au layer in the supercon-
ducting device before Sec. VI concludes the paper.
II. DESIGN CONSIDERATIONS AND CONCEPTUAL
BACKGROUND
In SIS junctions for heterodyne mixer applications one
demands a nearly ideal nonlinearity of the I,V charac-
teristic: a low subgap current and a sharp onset of the
quasiparticle current branch. For a low subgap current
one needs a high-quality tunnel barrier, which in prac-
tice is best achieved with Nb-trilayer technology with an
AlOx or AlN tunnel barrier. The frequency range from
700 GHz to 1.3 THz can be covered by such a nonlinear
I,V curve provided one can avoid or minimize absorption
of the signal by the embedding circuit. If this is the case
one ought to be able to obtain high-performance devices
reaching quantum limited noise temperatures.11 The pre-
ferred solution is the use of a superconductor with a
higher critical temperature and a higher energy gap than
Nb. However, it has been found that the power gener-
ated by the tunnel current/voltage cannot effectively be
removed and nonequilibrium quasiparticles begin to play
a role.
For a SIS junction with identical electrode materials,
i.e. a symmetric junction, Iqp is given by
16
Iqp(V ) =
1
eRN
∫ +∞
−∞
dE NS(E,∆)NS(E + eV,∆)
· [f(E, T )− f(E + eV, T )] .
(1)
Here V is the bias voltage applied to the two electrodes
of the SIS junction and f(E, T ) is the Fermi distribu-
tion function of quasiparticles with energy E, having a
temperature T = Te. The subscript ”e“ emphasizes that
this is the electron temperature. The quantities NS are
the normalized BCS density of states: 0 for |E| < ∆
and |E|/(E2 − ∆2)1/2 for |E| > ∆.17 Here, |∆| is the
energy gap in the quasiparticle excitation spectrum for
electronlike and holelike quasiparticles. An energy of at
least 2∆ is needed in order to destroy a Cooper pair and
create two quasiparticle excitations. In the Nb-trilayer
technology one of the electrodes is actually Nb with a
thin layer of aluminum, i.e. represented by a proximity-
induced density of states which is close to the Nb density
of states, although slightly modified.
In a realistic I,V curve the singularity in the density of
states leads to a sharp rise at the gap voltage Vg = 2∆/e.
However, the sharpness is experimentally often less than
is consistent with a real singularity. In practice, this
can have a number of reasons and is usually taken into
account by a phenomenological broadening parameter of
the singularity, Γ. The superconducting density of states
NS in Eq. (1) is then expressed as
18
NS(E,∆) = Re
(
E − iΓ√
(E − iΓ)2 −∆(T )2
)
. (2)
This expression suggests that one assumes that the ac-
tual density of states of the superconducting electrodes
is modified. To avoid this misunderstanding we call Γ a
phenomenological parameter, which serves to deal with
non-idealities in the sharpness of the I,V curve compared
to the idealized situation described by Eq. (1). The rich
variety of all other possible origins of non-idealities not
contained in Eq. (1) will be further ignored.
Since one often prefers in practice tunnel barriers
which have a high transmissivity, i.e. low RNA-values or
high critical-current densities, we emphasize that Eq. (1)
represents the tunneling current assuming that only low-
est order tunnel processes are relevant. As long as the
tunnel probability is much less than unity, the higher or-
der processes are indeed negligible. However, for very
thin tunnel barriers, needed for broadband heterodyne
mixers, the likelihood of ’weak spots’ increases causing a
fraction of the tunnel barrier to have a higher tunneling
probability, even close to unity, allowing significant con-
tributions from higher order tunneling processes. These
are easily identified as excess shot noise,19 and are also
visible as excess subgap currents, neglected by Eq. (1).
In principle, in using tunnel junctions it is assumed
that the tunnel barrier is a weak disturbance i.e. that the
two electrodes are undisturbed by the tunneling current.
This is reflected in Eq. (1) by the use of the Fermi-Dirac
distribution at the temperature T as well as the energy
gap ∆ at the same temperature.
In this article we are interested in SIS devices in which
this particular assumption is no longer satisfied. We will
focus on the option that due to the dissipated power,
the temperature Te of the electron system is higher than
the bath temperature. This new temperature Te will
enter the Fermi-functions in Eq. (1). However, it will
3also influence the energy gap ∆, which is itself also con-
trolled by the Fermi-function through the self-consistency
relation17
1
N(EF )V =
∫ kBθD
0
d
1− 2f [(2 + ∆(Te)2)1/2]
(2 + ∆(Te)2)1/2
, (3)
where N(EF ) is the single-spin density of states at the
Fermi energy in the normal state, kB is the Boltzmann
constant, θD is the Debye temperature of the mate-
rial, V is the average attractive interaction potential of
superconductivity describing phonon exchange between
electrons17 and  is the independent quasiparticle energy
measured relative to the Fermi energy. Hence, Eq. (3) is
an implicit expression relating ∆ to Te. The temperature
Te is dependent on the power generated by the tunnel-
ing process, which rapidly rises for bias voltages near the
gap voltage Vg, implying that the relevant energy gap for
the tunneling decreases leading to the possibility of back-
bending (a negative slope of Iqp around Vg, compare with
figure 4(a)).
The actual temperature Te in comparison to the bath
temperature, the phonon-temperature Tph, depends on
two processes.
First, a thin tunnel barrier leads to a higher density of
hot electrons injected per unit time. We assume that the
electron-electron interaction time τe−e is short enough to
establish that an effective energy relaxation will occur
by electron-phonon interaction, assuming τe−e < τe−ph,
if one has a closed volume. Otherwise, the outdiffusion
of hot electrons compensated by the indiffusion of cool
electrons establishes equilibrium. For conventional alu-
minum oxide barriers the barrier integrity breaks down
before nonequilibrium processes become relevant. How-
ever, for lower RNA-products, such as is possible by using
AlN barriers, an elevated electron temperature does play
a role. In addition, it might play a role with more dis-
ordered superconducting materials, such as NbN, where
the diffusion coefficient is much smaller than in Nb and
Al.
Secondly, in Nb SIS junctions, embedded between
higher-gap superconductors such as NbTiN, outdiffusion
is blocked by the Andreev trap formed between the tun-
nel barrier and the high energy gap of the NbTiN. This
leads to a geometrical trapping of the quasiparticles,20
illustrated in Fig. 1(a). Therefore, although charge is
transported from the Nb SIS junction into the NbTiN,
the energy transport is blocked, a process known as An-
dreev reflection.21 In this case, even for high RNA-value
SIS devices, the increased electron temperature plays a
major role.20
The best possible solution for high quality SIS mix-
ing is, nevertheless, the use of high-gap superconducting
transmission lines in combination with Nb SIS devices.
Therefore, we seek a solution to avoid these nonequilib-
rium processes in an attempt to maintain the electron
temperature Te as close as possible to the phonon tem-
perature Tph. Our solution is to insert between the Nb
film and the NbTiN film a normal metal Au layer, which
NbTiN Nb Nb NbTiN
Insulator/tunnel barrier
Cooper pair
Quasielectron
NbTiN Nb Nb NbTiNAu
(a)
(b)
Quasihole
FIG. 1. (a) Energy diagram of the control device (Fig. 2(a),
#1) with applied bias voltage Vg, inspired by Leone et al.
20
(b) shows the modification of the energy diagram when a nor-
mal metal Au layer (shaded area) is inserted between the
Nb and NbTiN layer, having no superconducting gap in the
electronic excitation spectrum. Here, a quasiparticle injected
from the tunnel barrier into the Au layer thermalizes with
other quasiparticles after a time τe−e and becomes an excited
quasiparticle with energy  = ∆Nb which is relaxed by in-
elastic electron-phonon scattering after the time τe−ph. dAu
indicates the thickness of the layer and τD is the diffusion
time through the structure.
allows quick thermalization of the hot electrons in the
Nb as shown in Fig. 1(b). Two possibilities have been
investigated in this paper. Case I, in which the normal
metal layer is laterally confined to the same dimensions
as the Nb. And Case II, in which the normal metal layer
is substantially wider than the Nb electrode offering a
larger volume for a process which we call geometrically
assisted cooling.
In Case I with the confined normal metal layer, energy
relaxation occurs through electron-electron, electron-
phonon and phonon-escape processes with characteristic
time τes. In order to quantitatively estimate the effect
of the dissipated power P on Te, we assume a linearized
heat balance equation22 with a heat-transfer coefficient
α:
P = α (Te − Tph) . (4)
In Case II a different theoretical description is used,
which accounts for the outdiffusion of nonequilibrium
quasiparticles from the Nb junction into the wide Au
layer. For this purpose we use the following heat balance
4equation22
− κ
[
r2
d2Te(r)
dr2
+ r
dTe(r)
dr
]
+
Y
dAu
r2 [Te(r)− Tph] = 0 .
(5)
Its solution is the radial temperature distribution
around the SIS junction in the Au layer. The thermal
conductivity is κ, r is the radial position, measured from
the center of the SIS junction, Te(r) is the electron tem-
perature, Y is the heat-transfer coefficient (measured in
W/m2K) to the phonon system, Tph is the bath (phonon)
temperature as before and dAu is the thickness of the
Au layer. When Y describes the heat transfer to the
metallic phonon system, then Y = Ye−ph with Ye−ph
being the electron-phonon heat-transfer coefficient. On
the other hand, when Y describes heat transfer to the
phonon bath system (substrate or liquid helium (LHe)),
then Y = YK with YK being the Kapitza conductance be-
tween the metal and the substrate or between the metal
and the LHe.
III. DEVICE VARIATIONS AND MEASUREMENT
SETUP
A. Fabrication
The S′SISS′ and S′SISNS′ devices (S′ = NbTiN, S =
Nb, I = AlOx and N = Au) are fabricated on silicon
substrates having a thickness of 525 µm (omitted in
Figs. 2(a)-(f)). The first wafer contains control devices
which are fabricated without the Au layer (compare with
device #1 in Table I and Fig. 2(a)) and serve as reference
in the data interpretation. The NbTiN/Nb/AlOx/Nb
layers are deposited by dc-magnetron sputtering and
are patterned by UV optical lithography. The bottom
layer is room temperature sputtered NbTiN of thickness
350 nm and the Nb electrodes have a thickness of 100 nm
each. The tunnel junction areas are defined by electron
beam lithography (EBL) and reactive ion etching (RIE)
of the NbTiN/Nb/AlOx/Nb layers. In a next step, an
rf -sputtered SiO2 dielectric of 200-300 nm thickness is
patterned by self-aligned liftoff. Finally, a 400 nm thick
room temperature sputtered NbTiN wiring layer is de-
fined by UV optical lithography.
For the other devices, the same process steps as de-
scribed before are used except for specific details which
are summarized below.
A second and a third wafer include an addi-
tional Au layer of 20 and 80 nm thickness. The
NbTiN/Nb/AlOx/Nb/Au layers are deposited by dc-
magnetron-sputtering and are patterned by UV optical
lithography (compare with devices #2-#4 in Table I and
Figs. 2(b) and (c)). The tunnel junction areas are again
defined by EBL and RIE of the NbTiN/Nb/AlOx/Nb/Au
layers. For the wafer containing the 80 nm thick Au layer,
chemical mechanical polishing (CMP) is used to planarize
the SiO2 dielectric in order to enhance the quality of the
NbTiNNb
NbNbTiN
(a), #1 (b), #2
(c), #3,4 (d), #5
Nb
Nb
Au 120 nm
NbTiN
NbTiN
(e), #6 (f), #7
NbTiN
Nb
Nb
Au
20 nm
NbTiN
NbTiN
Nb
Nb
Au 80 nm
NbTiN
Nb
Nb
NbTiN
Au 120 nm
NbTiN
NbTiN
NbTiN
Nb
Nb
20 nm
60 nmAu
NbTiN
FIG. 2. (Color online) Figures (a)-(f) (devices #1-#7) show
the device layouts analyzed in this paper, having Au layers
of various thickness dAu and radius rC whereas the junction
radius is indicated by rj . The layer sequence for device #1
is S’SISS’ (S=Nb, S’ = NbTiN and I = AlOx (insulator, blue
layer)) whereas for the other devices the sequence is S’SISNS’
(N = Au). In the figures we omit to show the silicon handle
wafer. Devices (a)-(c) correspond to Case I whereas (d)-(f)
correspond to Case II.
subsequently performed lift-off.
A fourth wafer contains additional devices with a total
Au layer thickness of 80 nm. In contrast to the wafer be-
fore, on this wafer the shape of the Au layer was varied.
First a NbTiN/Nb/AlOx/Nb/Au layer with an Au layer
thickness of only 20 nm is deposited by dc-magnetron
sputtering and is again patterned by UV optical lithog-
raphy (compare with device #5 in Table I and Fig. 2(d)).
After the definition of the tunnel junction areas by EBL
and RIE of the NbTiN/Nb/AlOx/Nb/Au layers and de-
position of the SiO2 dielectric layer, an additional Au
layer (cap) having a thickness of 60 nm and a radial shape
larger than the junction area is patterned by EBL. De-
vices on this wafer are used to study the geometrically
assisted cooling effect.
A fifth wafer includes devices with a 120 nm Au cap
of radial shape, patterned by EBL, its radius being 3 µm
5TABLE I. Gold layer thickness dAu, gold volume VAu, critical current density jc, normal state resistance RN , junction area
A and RNA-product of S’SISS’ device #1 and S’SISNS’ devices #2-#7 (compare with Fig. 2). The critical current density
of devices #1, #2, #3 and #6 is determined via the measured junction area, the normal state resistance and the gap voltage
(compare with the gap energies in Table IV) by using the Ambegaokar and Baratoff theory.23 On the other hand, the small
areas of devices #4 and #7 are more accurately determined under the assumption that they have the same current density like
#3 and #6 since they were fabricated on the same wafer. Therefore, we mark their jc and A values with an asterisk (*). For
device #5 (also marked with an asterisk) the area is equally determined via a current density measurement of a larger area
device, not indicated in this table. Devices #1 - #7 were directly immersed in LHe, whereas the jc values of the SNS’ devices
#8 and #9 were measured with the devices mounted on the 4.2 K stage of a LHe dewar. The SNS’ device areas are determined
with the assumption that the measured RN is most likely the Sharvin resistance.
24
# Type dAu [nm] VAu [µm
3] jc [kA/cm
2] RN [Ω] A [µm
2] RNA [Ωµm
2]
1 S’SISS’ - - 6.9 13.6 2.25 30.6
2
S’SISNS’
20 0.045 8.2 11.42 2.23 25.5
3 80 0.2 11.9 6.95 2.52 17.5
4 80 0.056 (11.9)∗ 25.9 (0.7)∗
5 20+60 1.3 (15.4)∗ 11.45 (1.18)∗
6 120 8.36 6.4 3.65 9.19 33.5
7 120 4.86 (6.4)∗ 30.59 (1.08)∗
8
SNS’
80 2.6 · 104 1.76 7.9 · 10−4
9 120 2.1 · 104 0.082 2.5 · 10−2
wider than the junction radius (compare with devices #6
and #7 in Table I and Figs. 2(e) and (f)). Like device #5,
these devices are also used to systematically study the ef-
fect of the geometrically assisted cooling effect provided
by the extended Au layer. In this device process the Au
layer has a thickness of 80 nm. After the tunnel junc-
tion area definition and the subsequent CMP step, we
observed during the measurement of the dielectric layer
thickness that this layer was polished down to the top Nb
electrode rather than having stopped at the 80 nm thick
Au layer. Therefore, for the subsequently patterned ra-
dial Au cap with thickness 120 nm, we assume equally a
total thickness of 120 nm.
The fabrication of the dedicated SNS’ devices (#8 and
#9 in Table I) for the discussion in Sec. V uses a similar
process as described before. This time the Au layer etch
defines the junction area. We achieve a very small device
area by underexposing the poly(methyl methacrylate)
(PMMA) resist which was used to define an aluminum
nitride etch mask for the SNS’ junction area definition.
The SNS’ contact area could not be measured directly
with our electron microscope due to its very small size
and has to be determined over the normal state resistance
together with a suitable theory. In this way we obtain
SNS’ device resistances of the order of 0.1−2 Ω. This al-
lows to measure a sufficient large voltage drop across the
device and, therefore, renders it possible to characterize
the devices with our usual dc-transport setup without
the need of a SQUID read-out.
B. Measurement setup
The measurement setup for the device characteriza-
tion is shown schematically in Fig. 3 for the S’SISS’ and
S’SISNS’ devices #1-#7 (a) and the SNS’ devices #8
and #9 (b). The S’SISS’ and S’SISNS’ devices in (a) are
directly immersed in LHe in order to guarantee a device
bath temperature of 4.2 K throughout the measurements
of the different devices. On the other hand, the SNS’ de-
vices are characterized in a dedicated setup on the 4.2 K
cold stage in a LHe dewar with bath temperatures of
4.24 K (device #8) and 4.27 K (device #9).
I,V characteristics of the S’SISS’, S’SISNS’ and the
SNS’ devices are measured with a resistively loaded cur-
rent bias source. In order to measure a possible hystere-
sis in the SNS’ I,V characteristic, we use a resistor (R3)
connected in parallel to the SNS’ junction.
The Josephson effect in the S’SISS’ and S’SISNS’ de-
vices is suppressed by a magnetic field parallel to the
junction barrier. The magnetic field strength is of the
order of a few hundred Gauss corresponding to magnetic
flux quanta in the junctions in the range of Φ0−2Φ0, with
Φ0 = h/2e. During the measurements of the S’SISS’ and
S’SISNS’ devices with applied magnetic field we did not
observe a significant magnetic field induced energy broad-
ening of the quasiparticle density of states which would
manifest in a weakened singularity in the I,V character-
istic at the onset of the quasiparticle current branch at
Vg = 2∆/e.
From this we conclude that the magnetic field did not
significantly alter the superconductor’s density of states.
This is important for a realistic determination of the ef-
fective electron temperature Te which otherwise would
result in lower Te values for too large magnetic fields.
6DC-Bias I
V
R1 R2
LHe vessel
(a)
Nb
Au
NbTiN
VR3
IR2DC-Bias R1
Dewar cold stage
(b)
FIG. 3. (Color online) (a) Configuration for S′SISS′ and
S′SISNS′ devices current-voltage measurements. The devices
are directly immersed in LHe. (b) Configuration for SNS′
current-voltage measurements with the devices mounted on
the 4.2 K stage of a LHe dewar.
IV. EXPERIMENTAL RESULTS AND ANALYSIS
On the basis of the conceptual background described
in Sec. II, we present in this section our experimental
results obtained for the various devices #1-#7 shown in
Figs. 2(a)-(f), corresponding to Case I (normal metal Au
layer is laterally confined to the same dimensions as the
Nb junction) and Case II (normal metal Au layer is sub-
stantially wider than the Nb junction).
For the devices #1 - #4 which belong to Case I, we
show the measured I,V curves in Fig. 4(a). The I,V char-
acteristic of device #5, belonging to Case II, is shown in
the same figure for comparison. Figure 4(b) shows the
I,V characteristic of devices #6 and #7, also belonging
to Case II. With the measured I,V curve as input param-
eter, we determine the effective electron temperature Te
as a function of dissipated power P = IV in the junction
(a)
#6 #7
#4
#3
#5
#1
#2
#6, #7
(c)
(b)
#5
#4
#3
#2
#1
FIG. 4. (a) and (b) show the measured I,V characteristic of
devices #1-#7 together with the measured effective electron
temperature Te shown in (c). In (c), the 4 and -symbols
show Te as a function of dissipated power in devices #1 and
#2 whereas the -symbol shows Te for devices #3 and #4.
The near thermal-bath electron temperature of device #5 is
indicated by the -symbol. The horizontal dotted line desig-
nates the bath temperature of 4.2 K, which equally indicates
the approximate electron temperatures of devices #6 and #7.
Dashed lines are fits to the experimental data. Due to the dif-
ferent junction areas and current densities in the devices, the
dissipated power spans different ranges. In (a) we observe an
elevated electron temperature Te above the bath temperature
Tph, suggested by the back-bending feature (inset of (a)) of
the quasiparticle current branch at eV/2∆ = 1. This feature
is weaker in (b).
via Eq. (3) over the temperature dependent gap energy
∆(Te). Results are shown in Fig. 4(c) for the various
devices.
7For the analysis of Case I, the heat-transfer coefficient
α in Eq. (4) can be extracted from a linear fit to the
experimental curves in Fig. 4(c) where α is equal to the
inverse of the slope. On the other hand, α can be theo-
retically estimated and is determined principally by the
heat-flow bottleneck in the device.
If the heat-flow bottleneck is between the electrons and
the phonons, this means τe−ph > τes, the heat-transfer
coefficient reads αth = V Ce/τe−ph, with V being the
volume of the junction and Ce is the electronic heat
capacity. On the other hand, if the heat-flow bottle-
neck is between the phonons and the bath, this is the
case when τe−ph < τes, the heat-transfer coefficient reads
αth = V Cph/τes. Here, Cph is the Debye phonon heat
capacity, Cph = 234(Tph/θD)
3nkB ,
25 with θD the Debye
temperature and n is the atomic density.
Since for Nb measurements of τe−e and τe−ph are rare
and not avaliable for the film dimensions used in our
devices, we resort to the results of Gershenzon et al.,26
τe−e ≈ 0.1 ns and τe−ph ≈ 1 ns at 4.2 K, which we as-
sume to match best to our problem. Measurements of
τe−e in Au revealed discrepancies of up to four orders
of magnitude to theoretical predictions.27 Furthermore,
experimental results from different groups showed sig-
nificant differences in τe−e. This suggests that for Au
the method of sample fabrication and the material pa-
rameters have a large influence on the electron-electron
interaction time in this particular material. Since for the
analysis in this work it is only important to justify a short
enough time τe−e (compare with Sec. II), these discrep-
ancies are not relevant for our analysis. Thus, for the
temperature regime of interest in this work and by con-
sidering the quality of our gold films (Table IV) we make
use of the measurement results of Bergmann et al.28 on
Au films in the dirty limit, obtaining τe−e ≈ 20 ps and
τe−ph ≈ 40 ps at 4.2 K.
Because the S’SISS’ and S’SISNS’ devices are directly
immersed in LHe, the escape times τes in Table II
are calculated using the measured Kapitza resistance
between Nb and LHe31 and between Au and LHe.32
From the original works, for Nb we use the relation
YK = (9.3 · T 3.55 · 102) W/m2K and for Au the relation
YK = (12 · T 3 · 102) W/m2K where YK is the Kapitza
conductance. Evaluating the relation YK = (Cph/τes)d
at Tph = 4.2 K, with d being the thickness of the partic-
ular device layer (Nb or Au), the phonon-escape time τes
is obtained.
By comparing the phonon-escape time τes with the
electron-phonon relaxation time τe−ph, we conclude that
the heat-flow bottleneck in the Nb is between the elec-
trons and the phonons, whereas in the Au the heat-flow
bottleneck is determined by the phonon-escape time to
the LHe bath. Therefore, the theoretical heat-transfer
coefficient αth consists of two different contributions,
αth = VNb(Ce/τe−ph) + VAu(Cph/τes), with VNb,Au the
volume of the two different layers in the junction. This
value is shown as the first number in the αth column of
Table II. The second number in the same table indicates
TABLE II. Summary of theoretical and experimental values
of the heat-transfer coefficient α for devices with increasing
Au layer thickness, shown in Figs. 2(a), (b) and (c). The
devices are directly immersed in LHe. The electronic heat
capacities for Nb and Au are evaluated for Tph = 4.2 K via
the relation Ce = γT ,
29 whereas CNbe has to be corrected
for the superconducting gap in the electronic quasiparticle
spectrum.30 The phonon-escape times are evaluated for a Nb-
LHe and for a Au-LHe interface for various layer thicknesses.
VNb and VAu are the volumes of the Nb electrodes and the
additional Au layer on top of the junction. The two values in
the ”αth“-column are obtained when using the relation αth =
VNb(Ce/τe−ph) + VAu(Cph/τes) (first value) or the relation
αth = VNb(Ce/τe−ph) + VAu(Ce/τe−ph) (second value).
CNbe = 2000
J
Km3
; CAue = 300
J
Km3
τNbe−ph = 1 ns; τ
Au
e−ph = 40 ps
CNbph = 630
J
Km3
; CAuph = 2870
J
Km3
τNbes = 0.4 ns (100 nm); τ
Au
es = 2.6 ns (80 nm); τ
Au
es = 0.6 ns (20 nm)
# VNb
[
µm3
]
VAu
[
µm3
]
αexp
[
WK−1
]
αth
[
WK−1
]
1 0.450 - 5.1 · 10−7 9.0 · 10−7
2 0.446 0.045 4.1 · 10−7 1.1 · 10−6; 1.2 · 10−6
3 0.504 0.2 7.5 · 10−7 1.2 · 10−6; 2.5 · 10−6
4 0.140 0.056 3.7 · 10−7 3.4 · 10−7; 7.0 · 10−7
the heat-transfer coefficient when it is determined solely
over the relation αth = V (Ce/τe−ph) for both materials
Nb and Au and is provided for comparison.
Considering first the results for αth in Table II, ob-
tained for devices #1 - #3, a clear trend is observable.
Since all three devices have almost equal Nb junction vol-
umes with values between VNb = 0.450− 0.504 µm3, the
effect of increasing Au layer thickness is to also increase
the heat-transfer coefficient αth. This trend is consis-
tent with the measurement of αexp for devices #2 and
#3. The trend of αexp for devices #1 and #2 is differ-
ent from the theoretical prediction αth. Since for these
two devices, the values αexp are almost equal, we ex-
pect that the 20 nm Au layer of device #2 is thiner
than expected or that the measurable cooling effect of
the nonequilibrium quasiparticles is too small. Thus, no
decrease in the electron temperature is observed. For de-
vice #4 the smallest heat-transfer coefficient is measured
due to the smallest junction volume among all devices.
In this device αth and αexp are in very good agreement,
again assuming that the phonon-escape time in the Au is
the slowest process. On the other hand, like for the de-
vices #1 - #3, a larger deviation between αth and αexp is
obtained by assuming electron-phonon scattering as the
slowest process in the Au.
Taking account of the fact that we assume constant
parameters Ce, τe−ph, Cph and τes for our interpreta-
tion, all values for αexp and αth are remarkably close to-
gether. For example, in device #1, doubling τe−ph leads
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FIG. 5. (Color online) (a) side view of the upper part of a device like in Figs. 2(d)-(f). The thick black solid line indicates
the decaying temperature profile Te(r) in the Au cap (compare with insets of Figs. 6(a) and (b)), illustrating the geometrically
assisted cooling effect. (b) sketches the top view of the device. The black rectangle is the NbTiN wiring layer. Dashed circles are
surface lines of the radial temperature distribution Te(r), where the temperature gradient is indicated by the line thickness. The
black solid line circle shows the contour of the SIS junction. (c) top view scanning electron microscope photograph (R. Bruker,
Institut fu¨r Physikalische Chemie, Universita¨t zu Ko¨ln) of one of our devices with an Au cap having radius rC > rj .
already to a match between the theoretical and the ex-
perimental value for α. The best explanation for this dif-
ference between αexp and αth is the energy broadening
of the quasiparticle density of states, expressed through
the phenomenological parameter Γ, which we neglect in
this analysis. This energy broadening leads to a smaller
value of Te when directly extracted from the experimen-
tal data using Eq. (3) and as a consequence of that to an
underestimation of αexp when fitting the P -Te data.
For the analysis of Case II, we have to supplement
Eq. (5) with sufficient boundary conditions in order to de-
scribe the power input to the device and the balancing of
heat via the aforementioned energy relaxation processes
between the quasiparticles.
The following boundary condition describes the power
dissipation in the SIS junction due to the bias current34
− κdTe(r)
dr
=
IV
2
√
ApidAu
, for r → rj =
√
A
pi
. (6)
Equation (6) assumes a constant temperature in the Au
layer within a cylinder of area A, equal to the SIS junc-
tion area, and height dAu equal to the thickness of the
Au layer directly on top of the SIS junction. The cylin-
der range is indicated by the dotted lines in Fig. 5(a).
This assumption is justified since it turns out that η, the
characteristic length of Eq. (5) (thermal healing length),
is larger than any other relevant layer thickness in the
device, hence suggesting a constant temperature in the
junction. Thus, this boundary condition accounts for the
power outflow per unit area from the surface of the cylin-
der (the SIS junction areas A are summarized in Table I).
The thermal conductivity κ at T = 4.2 K of the
Au layer is determined via the Wiedemann-Franz law,
κ = LT/ρ, using the measured resistivity ρ of Au at
4.2 K, given in Table IV, and the Lorenz number for Au
in Ref. 25, taken to be L = 2.32 WΩ/K2. Then the ther-
mal healing length can be defined as η = [(κd)/Y ]1/2.22
This length has to be compared to the radius rC of the
Au caps in our devices #5-#7 (compare with Figs. 2(d)-
(f)). All values are given in Table III.
Since η ≈ rC in our devices, the second boundary con-
dition for Eq. (5) reads
dTe(r)
dr
= 0, for r → rC , (7)
rather than Te → Tph for r → rC , which is suitable
only for large radii r  η and would allow to determine
analytical solutions.
We arrive at the following assumptions for the analy-
sis presented below. First, we assume that the Nb-Au-
NbTiN system (wiring part of the device) has clean in-
terfaces, i.e. no or only very thin oxide layers between
the different metals. Therefore, these metals share one
common phonon system. Furthermore, the thermal heal-
ing length is determined only by the phonon-escape rate
at the Au-LHe interface when the devices are directly
immersed in LHe or by the phonon-escape rate at the
Au-SiO2 interface when we consider devices which are
cooled in a vacuum environment. With these assump-
tions we solve the heat balance Eq. (5) and present our
results for devices #6 and #5 in Figs. 6(a) and (b). For
the calculations we use the Kapitza conductance at the
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FIG. 6. Solutions of Eq. (5) (curves labeled with ”Th”) together with experimental results (curves labeled with ”Exp”). (a)
shows the result for device #6 whereas (b) shows the result for device #5. In (b) two theoretical predictions are given. The
dashed line (”Th“) shows the solution within the Au cap volume directly on top of the SIS junction in a range r ∈ [0, rj ]
(compare with the values in Table III). This solution does not include the correction due to the energy broadening of the
quasiparticle density of states which we finally extract from a fit in (a) (curve labeled with ”Fit“). The dashed-and-dotted
curve in (b) shows the modified trend (”Th+Corr”) with this correction included. The insets present the spatial dependence
of Te over the Au cap as a function of the radial distance r for various levels of dissipated power in the junction in steps of
0.05 µW. Here, the position r = 0 µm indicates the middle of the Au cap. The straight line at 4.2 K in the inset figures is the
solution for P = 0 µW for which Te = Tph. The horizontal dotted lines in (a) and (b) indicate the phonon temperature Tph.
Au-LHe interface since these devices were directly im-
mersed in LHe during our measurements.
We start first with the discussion of the obtained re-
sults in Fig. 6(a). The experimental results were ob-
tained by evaluation of Eq. (3) with the I,V values of
device #6 as input parameters. The dashed theoretical
line shows the prediction of the electron temperature rise
with increasing dissipated power in the Au cap volume
directly on top of the SIS junction (region within the
dotted lines in Fig. 5(a)). This result is obtained by the
solution of Eq. (5) within the range r ∈ [0, rj ] and disre-
gards a correction of Te due to the energy broadening of
the quasiparticle density of states. On the other hand,
the slope of the experimentally determined P -Te curve is
slightly negative because of the slightly positive slope of
the quasiparticle current branch in the I,V characteristic
of device #6 (compare with Fig. 4(b)) due to the energy
broadening of the quasiparticle density of states. Hence,
we obtain an electron temperature smaller than the bath
temperature. The slope of this P -Te curve is solely used
to extract the energy broadening correction of the quasi-
particle density of states to the effective electron temper-
ature Te and does not represent the real device tempera-
ture of device #6. In device #6, due to the largest area
among all devices in this paper, the lowest magnetic field
is necessary in order to suppress the dc Josephson effect.
We expect, therefore, that in this device the local den-
sity of states of the superconducting electrodes are least
modified by the magnetic field. The fit to the data in
this device is shown by the dashed-and-dotted line (la-
beled with ”Fit“). As a result of the fit we find that the
slope of the theoretical prediction (dashed line) can be
mapped onto the experimental slope by adding a term
−0.35 K/µW.
When adding the correction term −0.35 K/µW to the
theoretical prediction of the P -Te trend of device #5, the
curve labeled with ”Th+Corr” in Fig. 6(b) is obtained.
We find that we can describe the data sufficiently well
following this approach. The small discrepancy between
the curve labeled with ”Th+Corr” and the experimen-
tal curve labeled with ”Exp” can be best explained by
a small modification of the local density of states of the
superconducting Nb electrodes by the magnetic field. Be-
cause of the significant smaller cross section of device #5
compared to device #6 (compare with the junction ra-
dius rj in Table III), a larger magnetic field has to be
applied to device #5 to induce the same magnetic flux
as in device #6. Therefore, by adding an additional con-
servative correction term with value −0.15 K/µW to the
”Th+Corr” curve (not shown in the figure), accounting
for the influence of the magnetic field on the local density
of states, we can describe the experimentally obtained
slope sufficiently well over the full range of the dissipated
power P .
For device #7, we did not perform a similar analy-
sis like described before. During the measurements with
this device we applied the strongest magnetic field among
all other measurements, necessary due to the small junc-
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TABLE III. Kapitza conductance YK , electron-phonon heat-
transfer coefficient Ye−ph, thermal conductivity κ and thermal
healing length η for Au. Two values for YK are specified. For
the interface of Au and SiO2 measured at 4.2 K
33 and for
the interface of Au and LHe, evaluated by the experimentally
found relation 1.2·103T 3 at T = 4.2 K.32 For the Au-LHe
interface we use the lower Kapitza conductance in Johnson et
al.32 for a conservative estimate. dAu specifies the thickness
of the Au cap on top of the junction. η1 includes the values
YK , whereas η2 is evaluated using Ye−ph for comparison. The
radii rC of the Au caps of devices #5-#7 and the junction
radii rj are indicated for comparison with η.
YK [Wm
−2K−1]× 104: 2.5 (Au-SiO2); 8.9 (Au-LHe)
Ye−ph [Wm−2K−1]× 104: 45 (dAu=60 nm); 90 (dAu=120 nm)
κ [Wm−1K−1]: 7
η1 [µm] : 4.1 (Au-SiO2, dAu=60 nm)
5.8 (Au-SiO2, dAu=120 nm)
2.2 (Au-LHe), dAu=60 nm)
3.1 (Au-LHe), dAu=120 nm)
η2 [µm] : 1
rC [µm] : 2.61 (#5, dAu=60 nm)
4.71 (#6, dAu=120 nm)
3.59 (#7, dAu=120 nm)
rj [µm] : 0.61 (#5)
1.71 (#6)
0.59 (#7)
tion area of this device (cf. Table III). Hence the ex-
perimental P -Te slope which one would obtain from the
corresponding I,V curve should not be considered to be a
representative measurement. However, we show the I,V
characteristic of this device in Fig. 4(b) for comparison
to the I,V characteristic of device #6. We observe that
the slope at the onset of the quasiparticle branch of the
I,V characteristic of device #6 is almost vertical whereas
for device #7 we measure an I,V characteristic with a
positive slope.
Although the experimental result for device #6 (and
in principle also for device #7) suggests that the effective
electron temperature has reached the phonon tempera-
ture, we have to stress that the effective electron temper-
ature in the device will follow the theoretical prediction
(dashed curve) in Fig. 6(a) as this trend does not con-
tain the energy broadened quasiparticle density of states
which effectively decreases the experimental result for Te.
This means that the effective electron temperature in de-
vice #6 is still slightly above the phonon temperature.
Comparing the results for device #6 and #5 in Figs. 6(a)
and (b) we find that at the same dissipated power of say
0.2 µW, the effective electron temperature in device #6
is about 0.1 K lower than in device #5. This once more
shows the geometrically assisted cooling effect of the Au
layer on the electron temperature Te in the Nb electrodes.
When calculating Te in device #5 with an Au cap hav-
ing thickness d = 120 nm and rC = rj + 3µm, therefore,
choosing the same geometry as for the Au cap in devices
#6 and #7, we find that at 0.4 µW dissipated power,
Te ≈ 4.24 K (including the correction for the quasipar-
ticle density of states energy broadening). Thus, this
electron temperature is approximately 60 mK lower than
the measured value for the actual device geometry. At
some value of rC , a further increase of the Au cap radius
has no influence anymore on decreasing Te and dAu has
to be thicker. Evidently, dependent on how much power
is dissipated in the device, there are many design possi-
bilities in order to achieve an electron temperature in the
device equal/close to the phonon temperature.
Since the thermal healing length η is independent of
the dissipated power in the device and of the Au cap
radius rC , it can only be used for a rough estimate of the
Au cap size. However, as a necessary condition for the
geometrically assisted cooling we find that obviously rC >
η. Nevertheless, even when this condition is fulfilled, in
principle one has to solve Eq. (5) with the specific device
geometry as input parameter in order to determine the
electron temperature in the device.
V. POSSIBLE ADVERSE EFFECTS DUE TO INSERTED
NORMAL METAL LAYER
Before we present our conclusions we would like to
make a few remarks which have to be considered when
implementing our device concept in a practical mixer de-
sign for a heterodyne receiver experiment. Here, it is im-
portant to estimate possible signal losses caused by the
normal metal Au layer in the superconducting circuit.
First, from dc-characterization measurements of the
SNS’ devices #8 and #9, not further discussed in de-
tail in this paper, we determine a critical current of
Ic ≈ 200 µA at T = 4.24 K for device #8 and a crit-
ical current of Ic ≈ 5 mA at T = 4.27 K for the larger
area device #9, cf. also Table I. The normal state re-
sistances of devices #8 and #9 are RN = 1.76 Ω and
RN = 0.082 Ω. A tunnel current through the S’SISNS’
device larger than the critical current of the SNS’ part
causes that a series resistance appears which is equal to
the normal state resistance of the SNS’ part. However,
the typical contact areas of the SNS’ layer structure on
top of the tunnel barrier are much larger than the ar-
eas of the test devices #8 and #9 which we fabricated
extra-small in order to obtain a significant voltage-drop
across the device, simplifying the measurements. There-
fore, in our S’SISNS’ devices, it is to be expected that
the critical current of the SNS’ part exceeds the tunnel
current through the insulating barrier by far and, thus,
for a dc current the normal metal Au layer does not rep-
resent a series resistance to the overall S’SISNS’ normal
state resistance.
Second, in case of an rf current induced by a mi-
crowave signal in a heterodyne experiment, the Au layer
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causes rf signal loss. However, compared to the size
of other circuit parts of typical SIS mixer layouts, the
micron-sized Au layer is comparatively small and should,
therefore, not entail a significant amount of signal loss in
the mixer. Nevertheless, in the design of high-Q tuning
circuits for THz frequencies, crucial for low-noise mixer
operation and for efficient coupling the signal radiation
to the mixing element over a broad frequency bandwidth,
the proximity-effect modified local density of states in the
normal metal Au layer due to the two superconductors
Nb and NbTiN, changing the complex conductivity of
the normal metal material, has to be considered by a
generalized Mattis and Bardeen theory.35,36
VI. CONCLUSIONS
To conclude, in this paper we have reported several
device geometries combining the high-quality Nb-trilayer
technology with a full superconducting NbTiN embed-
ding circuit and conducted dc-characterization measure-
ments of the devices. We measured the effective electron
temperature Te as a function of the applied bias current
in terms of the electron-temperature dependent super-
conducting gap energy ∆(Te). We find that a normal
metal layer, in our experiments we used Au, sandwiched
between the Nb junction and between one of the NbTiN
leads, decreases the electron temperature compared to
the control device in which no normal metal layer is used.
For a normal metal layer which is laterally confined to the
same area like the Nb electrode (Case I), we measure an
increase in the cooling of the nonequilibrium quasiparti-
cle system with increasing thickness dAu of the normal
metal layer. We identify two different heat-flow bottle-
necks in these devices, namely between the electrons and
the phonons in the Nb material, whereas in the Au the
phonon escape process from the material to the bath is
the slowest energy relaxation mechanism. The result-
ing theoretical heat-transfer coefficient αth describes the
experimentally determined value αexp sufficiently well.
Case II covers devices which have normal metal Au lay-
ers substantially wider than the Nb electrodes. Here we
observe enhanced cooling of the nonequilibrium quasi-
particles compared to Case I which we relate to geo-
metrically assisted cooling, i.e. nonequilibrium quasipar-
ticles relax their energy in the wide Au layer by outdif-
fusion, electron-phonon scattering and phonon escape to
the thermal bath. The heat-flow can be explained by a
simple thermal model which takes the Au layer geome-
try and the aforementioned energy relaxation processes
into account, provided that one considers also the energy
broadening of the quasiparticle density of states. We
have highlighted the prospects of using our device tech-
nology in a future heterodyne experiment where one can
expect a substantial improvement in the mixer sensitiv-
ity due to the low rf -loss property of the NbTiN material
and the high quality of the Nb-trilayer junction technol-
ogy, compared to devices which implement at least one
normal conducting layer in the embedding circuit.12,13
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MATERIAL PARAMETERS
Table IV summarizes all material parameters of the
devices studied in this paper. For the NbTiN layers,
we determine the superconducting pair breaking energy
from the measurement of the film critical temperature Tc
by numerical inversion of the integral equation (3.27) of
Bardeen et al.17 where we assume ∆(0) = 1.764 · kBTc.
The integral is carried out up to the Debye temperatures
θD = 275 K for Nb
29 and θD = 310 K for NbTiN. The
latter value of θD is determined via a fit of the Bloch-
Gru¨neisen theory to the measured NbTiN resistivity as
a function of temperature. For the Nb junction mate-
rial in devices #1-#7, we measure the superconducting
pair breaking energy via the gap voltage Vg of the SIS
I,V characteristic, assuming Vg = 2∆/e. Resistivities
are determined in a four-terminal measurement config-
uration. For device #2, the resistivity of the bottom
wiring layer could not be measured due to a defective
four-point film structure. The Nb and NbTiN supercon-
ducting pair breaking energies of the SNS’ devices #8
and #9 are determined over the critical temperature as
described before.
The Au layer resistivity was not measured individually
for each device. For all of our devices, we assume the
measured resistivity value at 4.2 K for a 200 nm thick
film, sputter deposited on a separate wafer.
1S. W. Stahler and F. Palla, The Formation of Stars, first ed.
(Wiley-VCH, 2005).
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TABLE IV. Material parameters for the layers of devices #1-#9 in Table I. For each device and material, the first, second and
third number indicates the resistivity ρ, measured at 20 K, the critical temperature Tc of the superconducting material and
the superconducting pair breaking energy 2∆. Only for the Au layer, the resistivity was measured at 4.2 K for a 200 nm thick
film on a separate wafer.
# NbTiN(b) Nb Au NbTiN(t)
1
133 µΩcm 5.9 µΩcm - 140 µΩcm
14.45 K 9.12 K - 14.37 K
4.38 meV 2.69 meV - 4.36 meV
2
- 5.9 µΩcm 1.3 µΩcm 125 µΩcm
14.53 K 9.07 K - 14.58 K
4.41 meV 2.67 meV - 4.42 meV
3,4
133 µΩcm 5.9 µΩcm 1.3 µΩcm 140 µΩcm
14.55 K 9 K (#3); 9.33 K (#4) - 14.55 K
4.41 meV 2.65 meV (#3); 2.76 meV (#4) - 4.41 meV
5
128 µΩcm 5.9 µΩcm 1.3 µΩcm 128 µΩcm
14.86 K 9.04 K - 14.56 K
4.51 meV 2.66 meV - 4.41 meV
6,7
172 µΩcm 5.9 µΩcm 1.3 µΩcm 147 µΩcm
14.52 K 9.15 K (#6); 9.12 K (#7) - 14.04 K
4.41 meV 2.7 meV (#6); 2.69 meV (#7) - 4.26 meV
8
- 5.9 µΩcm 1.3 µΩcm 182 µΩcm
- 8.72 K - 14.23 K
- 2.53 meV - 4.31 meV
9
- 7 µΩcm 1.3 µΩcm 145 µΩcm
- 8.63 K - 14.48 K
- 2.49 meV - 4.39 meV
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